INTRODUCTION {#s1}
============

The dystonias are a diverse collection of movement disorders arising from different etiologies that lead to characteristic patterns of involuntary muscle contractions and twisted postures ([@DMM022590C3]). Most cases in which dystonia is the primary clinical manifestation seem to have a genetic predisposition, with over 25 gene loci linked to different forms of the disease ([@DMM022590C45]). Among the many subtypes of dystonia are numerous examples that combine clinical features of Parkinson\'s disease (PD), such as (1) DOPA-responsive dystonia, caused by variations in genes encoding dopamine biosynthetic enzymes (*GCH1*, *TH*, *SR*; [@DMM022590C39]); (2) rapid-onset dystonia-parkinsonism (RDP), caused by variations in a subunit of the sodium/potassium ATPase (*ATP1A3*; [@DMM022590C17]); (3) DYT16 dystonia, associated with variations in the PKR regulatory protein, PACT (*PRKRA*; [@DMM022590C75]; [@DMM022590C7]); and (4) other degenerative disorders such as Wilson\'s disease and neurodegeneration with brain iron accumulation (NBIA; [@DMM022590C59]; [@DMM022590C58]). Yet in no form of hereditary dystonia is a connection to PD more apparent than in X-linked dystonia-parkinsonism (XDP, DYT3, OMIM \#3142590), a progressive neurodegenerative disease endemic to the island of Panay, Philippines ([@DMM022590C44]). XDP follows an unusual clinical course, consisting primarily of dystonic symptoms at early disease stages that shift over time towards a more parkinsonian phenotype ([@DMM022590C43][@DMM022590C44]). The underlying disease mechanisms and pathogenic substrates are not clear, but neuropathological studies indicate that XDP involves a progressive loss of medium spiny neurons in the striatum ([@DMM022590C71]; [@DMM022590C18]) and decreased numbers of neural progenitor cells within the subventricular zone ([@DMM022590C19]).

Previous genetic linkage ([@DMM022590C73]; [@DMM022590C37]; [@DMM022590C20]) and association ([@DMM022590C49]; [@DMM022590C22]; [@DMM022590C51]) studies mapped the XDP founder haplotype to a region of chromosome Xq13.1, that was recently narrowed further to an interval of ∼294 kb ([@DMM022590C11]). The region contains five known genes, *NONO*, *TAF1*, *OGT*, *ACRC* and *CXCR3*, as well as an intergenic multiple transcript system (MTS) composed of five unconventional exons ([@DMM022590C52]; [@DMM022590C27]; [@DMM022590C11]). Sequencing of this region revealed seven XDP-specific sequence variants: five disease-specific single nucleotide changes (designated DSC1, 2, 3, 10 and 12), a 48-bp deletion, and a SINE-VNTR-Alu (SVA)-type retrotransposon insertion ([@DMM022590C52]; [@DMM022590C46]). Only one variant, DSC3, falls within a potential coding region, introducing a single nucleotide substitution in one of the MTS exons ([@DMM022590C52]). The other variants are localized either within *TAF1* introns or the intergenic region containing the MTS that is 3′ to exon 38 of *TAF1*. To date it has not been possible to exclude any of these variants as pathogenic, as extensive genotyping of large numbers of XDP individuals and ethnically matched control subjects has detected all markers in essentially all cases; the few exceptions, which were negative for all markers, were considered likely phenocopies ([@DMM022590C11]).

Of the five known genes within this interval, *TAF1* has arguably received the most attention as the one likely to be responsible for XDP pathogenesis. *TAF1* is a large gene with at least 38 exons that encodes a transcription factor, TATA-binding protein-associated factor-1 (TAF1), which is part of the transcription factor IID (TFIID) complex involved in RNA polymerase II-mediated transcription ([@DMM022590C55]; [@DMM022590C65]). The hypothesis that *TAF1* might be the culprit in XDP has been based in part on the relationship between the XDP sequence variants and its genomic structure and transcripts. Three of the haplotype markers (DSC10, DSC12 and the SVA) alter sequences within *TAF1* introns, and RNAs derived from MTS exons can reportedly splice to various *TAF1* transcripts ([@DMM022590C52]; [@DMM022590C27]; [@DMM022590C46]). In addition, a previous study identified a neural-specific TAF1 isoform, N-TAF1, which was significantly downregulated in XDP caudate relative to control brain tissue ([@DMM022590C46]). N-TAF1 contains an alternative exon, exon 34′, of only six nucleotides, which adds an alanine and lysine to the encoded protein ([@DMM022590C46]; [@DMM022590C56]; [@DMM022590C33]). It has been suggested that the decreased expression of N-TAF1 in XDP might be the result of the 2.6 kb SVA insertion within intron 32 of *TAF1* ([@DMM022590C46]). However, it is not clear how this insertion acts to interfere with transcription of N-TAF1.

In this study we generated XDP and matched control induced pluripotent stem cell (iPSC) lines that can be differentiated into neural cells in order to establish a model system for probing cellular defects associated with the disease. Towards that end, we derived fibroblasts from confirmed XDP individuals and unaffected family members as matched control subjects, reprogrammed these cells to iPSCs, and then re-differentiated iPSCs to generate XDP and control neural stem cells (NSCs). As a first application of this model, we assayed expression of *TAF1* and MTS*-*derived transcripts in both the iPSC-derived NSCs as well as the parent fibroblast lines. These analyses revealed genotypic differences in the expression of multiple *TAF1* transcripts in fibroblasts and decreased expression of N-TAF1 in XDP versus control NSCs. These findings are consistent with the previous report of an XDP-related defect in N-TAF1 expression ([@DMM022590C46]), indicating that the patient iPSC-derived neural cells recapitulate a phenotype detected in patient post-mortem brain tissue. In addition, the present results further suggest that this defect might not be solely associated with advanced disease stages but might instead occur in XDP neural cells at early stages that precede the development of neuronal cell death.

RESULTS {#s2}
=======

Clinical characteristics and genotype of XDP individuals {#s2a}
--------------------------------------------------------

Of the five XDP individuals that participated in this study, only one (32517; [Table 1](#DMM022590TB1){ref-type="table"}) was examined prior to undergoing deep brain stimulation (DBS). At the time of fibroblast derivation, this subject presented with segmental dystonia affecting the jaw and larynx. Dystonic symptoms subsequently worsened and generalized to other muscle groups over the course of 1 year, at which point the individual underwent bilateral pallidal DBS. The other four subjects had similar clinical histories, involving initial onset of dystonic symptoms in various muscle groups. At the time of skin biopsy, these subjects exhibited variable degrees of dystonia, ranging from generalized symptoms affecting the left hand, torso and left leg in one subject (34363) to focal neck dystonia in another (33109). Bradykinesia without rigidity was a common feature among subjects. All control family members showed no neurological abnormalities upon examination. Table 1.**Clinical characteristics of study subjects**

Genotypes of affected individuals and control family members were determined by PCR for six of the seven reported haplotype markers ([@DMM022590C52]; [@DMM022590C46]). The five single nucleotide substitutions (DSC1, 2, 3, 10 and 12) were evaluated by PCR amplification followed by Sanger sequencing of the products. The affected subjects showed a consistent pattern, with the same nucleotide substitutions at each DSC that had been previously associated with XDP ([Table 2](#DMM022590TB2){ref-type="table"}). The control individuals all had wild-type sequences at each site. The 2.6 kB SVA retrotransposon was detected by long-range PCR amplification using primers flanking the insertion site. A single PCR product was detected in both XDP and control samples, which differed in size by ∼2.6 kB (0.6 kb in control versus 3.2 kb in XDP samples), consistent with the size of the SVA ([Fig. 1](#DMM022590F1){ref-type="fig"}A). There were no genotypic differences noted in growth rate or cell division among the fibroblast lines. As expected, fibroblasts from the older donors, 33808 (XDP) and 33809 (control), had decreased doubling times in culture compared with the lines derived from younger subjects. However, most of the lines grew at comparable rates, and all fibroblast experiments were performed at equivalent early passages. Table 2.**Genotype of XDP single-nucleotide haplotype markers** Fig. 1.***TAF1* and MTS transcript expression levels in fibroblasts.** (A) Genomic DNA (gDNA) from all individuals was PCR amplified with primers flanking the insertion site to confirm the presence of the SVA. Lane 1: 1 kb DNA ladder. Lane 2: no template control (H~2~O). Lanes 3-7: XDP lines (left to right) 32517, 33109, 33363, 33808, 34363. Lanes 8-12: Control lines (left to right) 32643, 33113, 33114, 33809, 33362. The predicted 3229 bp SVA product was present in all XDP samples (upper arrow), whereas controls had a product of ∼599 bp (lower arrow), a difference consistent with the size of the SVA. (B) Quantitative expression analysis of *TAF1* transcript fragments in XDP vs control fibroblasts (*n*=5 each) based on comparative Ct method. Expression levels were normalized to the mean of housekeeping genes *HPRT1* and *TFRC*. Levels of transcript fragments amplified by primer sets TA02-334, TAF1-3′, TA14-385N and TAF1-3′N were significantly lower in XDP vs control cells, whereas expression of the transcript amplified by TA09-693 was significantly increased in XDP vs control samples. The neural-specific transcript, N-TAF1, amplified by primer set TA14-391, as well as all six transcripts incorporating MTS sequences, were not detected in fibroblasts. Data represent mean fold changes±standard errors, analyzed by Student\'s *t*-test. \**P*\<0.05; \*\**P*\<0.01; N, not detected. (C) Schematic depicting approximate position of the DSCs and SVA relative to *TAF1* (gray) and MTS exons (red). N-TAF1 incorporates the alternative exon, 34′ (blue). Below the graph are shown the relative positions of primer sets used for qRT-PCR. Numbers in parentheses indicate exons targeted by forward and reverse primers. Primers MTS-32′/34′, MTS-37/1 and MTS-37/3 amplify fragments in which the indicated *TAF1* exons are reportedly spliced to MTS exons.

Analysis of *TAF1* and MTS transcripts in fibroblasts {#s2b}
-----------------------------------------------------

We compared expression of transcripts derived from *TAF1* and the putative MTS exons in XDP versus control fibroblasts using a panel of previously described primers ([@DMM022590C46]) interrogating 21 mRNAs ([Fig. 1](#DMM022590F1){ref-type="fig"}B,C). Of the 21 transcripts assayed, seven were undetectable in both XDP and control fibroblast samples. The panel included six primer sets targeting transcripts that reportedly incorporate MTS sequences, either alone (MTS-2/3, MTS-3/4, MTS-V4) or spliced to exons of *TAF1* (MTS-32′/34′, MTS-37/1, MTS-37/3) ([@DMM022590C46]). None of these mRNAs was expressed in fibroblasts. In addition, primer set TA14-391, which was previously shown to be specific to the neural TAF1 isoform, N-TAF1, did not detect a product in fibroblasts.

Among the remaining 14 mRNAs tested, five showed differential expression distinguishing XDP from control samples at *P*\<0.05 ([Fig. 1](#DMM022590F1){ref-type="fig"}B). Three primer sets (TAF1-3′, TA14-385N and TAF1-3′N) amplified transcript fragments derived from exons 32-36 that were significantly decreased in XDP fibroblasts compared with control cells. These exons flank the SVA insertion in intron 32 and span the region containing the alternative exon, 34′, from which the neural isoform, N-TAF1, is generated. Other primers within the panel also targeted fragments derived from these exons; although levels of their respective products were also lower in XDP cells relative to controls, the differences did not achieve statistical significance. Two other transcript fragments showed significant differences in expression in XDP versus control cells: one fragment (amplified by TA02-334) derived from exons 4-5 had lower levels in XDP cells, and another (from TA09-693) incorporating sequences from exons 19-21 had higher expression in XDP cells than in controls. In addition to *TAF1* transcripts, we assayed expression of three genes also contained within the XDP genomic region (*CXCR3*, *ACRC* and *OGT*) but none showed differential expression in XDP versus control fibroblasts ([Fig. S1](Fig. S1)).

In other genes, SVA insertions have been shown to generate aberrant transcripts consisting of retrotransposon sequences spliced to RNA derived from the surrounding exons ([@DMM022590C24]). To probe for such exonization of the SVA in *TAF1*, we designed two additional primer sets flanking the insertion ([Table S1](Table S1)) and performed qRT-PCR on RNA from XDP and control fibroblasts. Because aberrant transcripts might potentially be targeted for nonsense-mediated decay (NMD), fibroblasts were cultured in a specific NMD inhibitor, NMDI14 ([@DMM022590C48]), prior to RNA isolation and reverse transcription. Gel electrophoresis of the PCR products showed bands of equivalent sizes in XDP and control samples ([Fig. S2](Fig. S2)), suggesting that SVA sequences were not incorporated into these particular transcript fragments.

The observation that N-TAF1 was not detectable in fibroblast RNA seems consistent with its previously documented pattern of neural tissue-specific expression ([@DMM022590C46]; [@DMM022590C56]; [@DMM022590C33]). As additional validation, we used the TA14-391 primer set to assay N-TAF1 transcript levels in RNA obtained from SH-SY5Y human neuroblastoma cells, as well as human brain. Moderate N-TAF1 transcript expression was detected in SH-SY5Y cells, which increased slightly in cells differentiated in all-*trans*-retinoic acid (ATRA) for 72 h ([Table 3](#DMM022590TB3){ref-type="table"}). N-TAF1 expression in human brain was considerably higher, representing a more than 60-fold increase above the levels detected in undifferentiated SH-SY5Y cells. Table 3.**N-TAF1 mRNA levels in fibroblasts, SH-SY5Y cells and human brain**

Generation of iPSCs and neural conversion {#s2c}
-----------------------------------------

Given previous data specifically implicating N-TAF1 in XDP pathogenesis ([@DMM022590C46]), a major objective of this study was to generate XDP cell lines in which expression of this variant could be further examined. Towards that end, we reprogrammed five XDP and four control fibroblast lines to iPSCs that could be re-differentiated into neural cells. Reprogramming was accomplished using non-integrating Sendai virus. Control fibroblast line 33809 exhibited slow growth in culture and typically underwent senescence at lower passages than the other cell lines, making it difficult to expand sufficiently for viral inoculation. Given that fibroblast growth rate can greatly influence reprogramming efficiency ([@DMM022590C26]), this cell line was not reprogrammed. All of the XDP fibroblasts and three of the control lines (33113, 33114 and 33362) generated at least two iPSC clones each that exhibited significant upregulation of pluripotency-related genes, *Dmnt3b*, *hTERT*, *Nanog*, *Oct4*, *Rex1* and *Sox2*, compared with the parent fibroblast lines, as measured by qRT-PCR ([Fig. 2](#DMM022590F2){ref-type="fig"}A). Clones also expressed alkaline phosphatase and were immunopositive for standard iPSC markers Oct4, Nanog, stage specific antigen (SSEA)-3 and SSEA-4, and TRA-1-60 ([Fig. 2](#DMM022590F2){ref-type="fig"}B; [Figs S3, S4](Figs S3, S4)). Control fibroblast line 32643 was reprogrammed but all iPSC clones sampled contained different chromosomal abnormalities, even though the parent fibroblast line was karyotypically normal. These clones were therefore not characterized. All other iPSC clones retained normal karyotypes ([Fig. S5](Fig. S5)). Fig. 2.**Derivation of XDP and control induced pluripotent stem cells.** (A) Expression of pluripotency-related genes *Dmnt3b*, *hTERT*, *Nanog*, *Oct4*, *Rex1* and *Sox2* in each reprogrammed XDP and control iPSC clone compared with the parent fibroblast lines determined by qRT-PCR. Heatmap based on ΔCt values. Red, high expression; blue, low expression. (B) Pluripotency marker protein expression in two representative iPSC clones (A and I) derived from XDP fibroblast line 32517. Both clones expressed alkaline phosphatase (AP), Oct4, Nanog, SSEA-3, SSEA-4 and TRA-1-60. Immunostaining was visualized using secondary antibodies conjugated to Alexa Fluor 488 (green; Oct4, Nanog and SSEA-4) or Alexa Fluor 594 (red: SSEA-3 and Tra-1-60) with DAPI (blue) to visualize nuclei. Images shown represent overlays. Scale bars: 10 µm.

To quantify functional pluripotency of each iPSC line, embryoid bodies (EBs) were generated in culture from all clones and assayed for expression of germ layer marker genes using the Taqman hPSC Scorecard Assay ([@DMM022590C6]; [@DMM022590C67]). As expected, the differentiated EBs exhibited little to no expression of genes involved in self-renewal but were positive for multiple markers of each lineage ([Fig. 3](#DMM022590F3){ref-type="fig"}A). There was some variability in expression of individual genes across the various clones, but the overall pattern was largely consistent and revealed no genotypic differences in pluripotency. Mesoderm-related genes seemed to be more highly expressed than markers of endoderm and ectoderm, but the observed signatures suggest that all clones retain the capacity to differentiate towards all three lineages. In parallel to the EB analysis, selected iPSC clones were also injected into mice to evaluate pluripotency *in vivo*. All clones tested formed teratomas containing cells representative of the three germ layers, based on morphology visible by Hematoxylin and Eosin (H&E) staining ([Fig. 3](#DMM022590F3){ref-type="fig"}B-G). The iPSC lines had comparable morphologies ([Fig. 4](#DMM022590F4){ref-type="fig"}A) and growth behavior in culture, except for clone 33109-2G, which exhibited a high rate of spontaneous differentiation that interfered with propagation and prevented neural conversion. This behavior seemed to be a clone-specific property, as the companion line, 33109-2B, did not differ in its growth characteristics from the other iPSC lines. All iPSC clones have been deposited at the repository at WiCell (Madison, WI, USA; [www.wicell.org](www.wicell.org)) and are publicly available. Fig. 3.**Pluripotency analyses.** (A) Trilineage potential of each XDP and iPSC clone determined by Taqman Scorecard Assay analysis of RNA from embryoid bodies differentiated in culture from each cell line. Heatmaps depicting expression of 94 marker genes related to self-renewal, primitive mesendoderm, mature ectoderm, mesoderm and endoderm. Values represent mean fold changes (FC) for each gene relative to Scorecard reference pluripotent cell lines, calculated by PSC Scorecard analysis software. Red, high expression; blue, low expression. (B-G) Representative XDP (33363-C; upper panel) and control (33362-C; lower panel) teratomas produced in mice following cell implantation. Arrows denote ectodermal neuroepithelium (B) and hair follicle cells (E); mesodermal cartilage (C,F); endodermal mucous gland (D) and gut epithelium (G). Scale bars: 100 µm. Fig. 4.**Generation and characterization of neural stem cells.** (A) Brightfield micrograph depicting characteristic morphology of a representative iPSC colony on Geltrex prior to neural conversion. (B) Epifluorescent image of neural stem cells (NSCs) generated by conversion of iPSCs in PSC Neural Induction Medium, labeled with calcein-AM (Life Technologies). NSCs on Geltrex formed discrete clusters of cells with occasional fine processes. Images in A and B captured at final magnification of 20×. (C-E) NSCs were also evaluated by immunofluorescence for expression of (C) nestin; (D) Sox1; and (E) musashi. Staining for each target was detected by a secondary antibody coupled to Alexa Fluor 594 (red), along with counterstaining to visualize cytoplasm (Wheat germ agglutinin-Alexa Fluor 488; green) and nuclei (Topro-3-iodide; blue). Images represent overlays of all three channels captured by laser confocal microscopy at final magnification of 100×. Immunoreactivities for nestin and musashi seem predominantly cytoplasmic, whereas Sox1 labeling was observed primarily within the nucleus. Scale bars: 10 µm. (F) Heatmap of ΔCt values depicting comparative expression of 22 neural marker genes in XDP and control NSCs vs corresponding iPSCs from which they were differentiated. Red, high expression; blue, low expression.

To generate NSCs, XDP and control iPSCs were cultured in PSC Neural Induction Medium for seven days, at which point they were re-plated on Geltrex-coated culture dishes and propagated in Neural Expansion Medium. For most of the iPSC lines, the neural induction protocol generated cells with characteristic NSC-like morphology ([Fig. 4](#DMM022590F4){ref-type="fig"}B), although two clones (32517-A and 32643-C) consistently detached during induction and could not be converted to NSCs. At the initial plating (immediately after seven days of induction), NSC cultures occasionally contained clusters of cells resembling small iPSC colonies, potentially suggesting residual pluripotent cells. After 1-2 passages in culture, these cells were no longer apparent, and immunostaining with an antibody for Oct3/4 detected no positive cells (data not shown). By passage 3 post-induction, XDP and control cultures typically consisted predominantly of cells immunopositive for nestin, musashi and Sox1 ([Fig. 4](#DMM022590F4){ref-type="fig"}C-E). For a quantitative assessment of neural conversion, RNA from all NSC lines, as well as the parent iPSC clones, was assayed by qRT-PCR using a panel of primers interrogating 22 genes known to be expressed in neural stem cells ([Fig. 4](#DMM022590F4){ref-type="fig"}F). Expression of all neural marker genes was low and/or non-detectable in iPSC clones and increased in NSCs with only few exceptions. Control iPSC clone 33362-D exhibited high expression of *APBB1* and *CDK5RAP2*, unlike the other iPSC clones, whereas XDP NSC line 33363-C showed low expression of *DLL* and *EGF*, in contrast to the other NSC lines. Yet despite some variability in expression level of individual genes among the cell lines, assessment of the full panel of markers revealed no patterns to indicate any genotypic differences in neural conversion between XDP and control cells. Furthermore, no NSC clone differed consistently from all other lines across the entire panel that might suggest aberrant differentiation. Based on these data, the final set of NSCs used for analysis of *TAF1* transcript expression consisted of 7 XDP clones derived from five patients versus six control clones from three individuals.

Analysis of *TAF1* and MTS transcripts in NSCs {#s2d}
----------------------------------------------

We used the panel of primers interrogating *TAF1* and MTS-derived mRNAs to compare transcriptional patterns in XDP and control NSCs. RNA was isolated from all NSC lines at passage 4 post-induction. As in the fibroblasts, the NSC lines did not seem to express any of the MTS-derived RNAs ([Fig. 5](#DMM022590F5){ref-type="fig"}A). Unlike in fibroblasts, the N-TAF1 variant was expressed in NSCs at levels that were on average ∼threefold lower in XDP versus control clones (*P*\<0.05; [Fig. 5](#DMM022590F5){ref-type="fig"}A). Although multiple TAF1 fragments seemed to be differentially expressed in XDP versus control fibroblasts ([Fig. 1](#DMM022590F1){ref-type="fig"}B), N-TAF1 was the only transcript in this panel that distinguished XDP from control NSCs. N-TAF1 contains an alternative exon, 34′ ([Fig. 1](#DMM022590F1){ref-type="fig"}C), consisting of only six nucleotides that encode two additional residues, an alanine and a lysine, which become positions 1646-1647, respectively, of a 1847-aa protein ([Fig. 5](#DMM022590F5){ref-type="fig"}B) ([@DMM022590C46]). The insertion is C-terminal to two tandem bromodomains, which mediate histone interactions ([@DMM022590C32]), and immediately adjacent to a threonine, T1643, which is a potential phosphorylation site ([@DMM022590C29]). These three residues, T1643, A1646 and K1647, fall within a short cluster of prolines that could potentially form a polyproline helix, although it is difficult to accurately predict such motifs *in silico*. The other notable feature of this segment is the preponderance of aspartate and glutamate residues that seem to make up an acidic tail. Aside from these limited observations, the protein sequence itself does not reveal potential function(s) of the N-TAF1-unique residues, and because the insertion falls within an intrinsically disordered region of the protein, structural analyses of this segment have not been possible ([@DMM022590C32]). Fig. 5.***TAF1* and MTS transcript expression levels in NSCs.** Quantitative expression analysis of *TAF1* transcript fragments in XDP (*n*=7) vs control (*n*=6) NSC clones based on comparative Ct method with targets normalized to the geometric mean of housekeeping genes *HPRT1* and *TFRC*. (A) N-TAF1, amplified by primer set TA14-391, was detected in NSCs at levels approximately threefold lower in XDP vs control cells. Data represent mean fold changes±standard errors, analyzed by Student\'s *t*-test. \**P*\<0.05; N, not detected. (B) Amino acids 1556-1874 of N-TAF1 highlighted to indicate unique alanine (A) and lysine (K) residues relative to: C-terminal segment of second bromodomain motif (gray); acidic glutamate (E) and aspartate (D) residues (pink); prolines (P; blue); and a threonine at position 1643 (T1643; green) that is a potential phosphorylation site.

DISCUSSION {#s3}
==========

XDP was first described by [@DMM022590C40] as torsion dystonia of Panay, with 19 of 23 cases coming from the province of Capiz in the Philippines. Since that pioneering report, the natural history of XDP has been documented in detail, facilitated by the formation of an XDP Study Group and an XDP Registry ([@DMM022590C44]). As of January 2010, this registry consisted of 505 cases corresponding to an approximate prevalence of 5.74 cases per 100,000 individuals in Panay (1:4000 men specifically in Capiz), or 0.31:100,000 within the entire Philippine population ([@DMM022590C44]). The clinical profiles of these cases, as well as ones from other centers, consist of an adult-onset movement disorder that typically begins as focal dystonia that generalizes over time and is combined with or replaced by parkinsonian features ([@DMM022590C41][@DMM022590C43][@DMM022590C44]; [@DMM022590C12]). In a small percentage of documented cases, parkinsonian symptoms appear as the initial clinical findings ([@DMM022590C43]; [@DMM022590C13]), but in most individuals characterized to date, disease onset involved focal dystonia of either the lower extremities, craniofacial musculature (e.g. oromandibular dystonia, blepharospasm) or upper extremities ([@DMM022590C43]). The vast majority of affected individuals are males, but there are reports of symptomatic females resulting from homozygosity of the disease allele, skewed X-inactivation or Turner\'s syndrome ([@DMM022590C42]; [@DMM022590C14]; [@DMM022590C72]; [@DMM022590C10], [@DMM022590C11]). Among affected individuals, disease progression is variable, but the most frequent clinical picture involves spread of dystonic symptoms during the first decade following diagnosis, combined with the emergence of parkinsonian symptoms that predominate by 15 years after the initial onset ([@DMM022590C43]).

The XDP subjects investigated here appeared consistent with previous reports in terms of clinical presentations and positive responses to pallidal DBS, which has been documented by multiple groups ([@DMM022590C15]; [@DMM022590C69]; [@DMM022590C53]; [@DMM022590C2]). Another consistent finding was the combined presence of multiple haplotype markers. The most recent effort to narrow the XDP genomic region involved genotyping of 163 males with clinical diagnoses of XDP and 473 Filipino controls, of which 452 had ancestry specifically to Panay ([@DMM022590C11]). The seven known disease-related variants (five DSCs, a 48-bp deletion and the SVA; [@DMM022590C52]; [@DMM022590C46]) were found in all but five of the affected individuals; the latter group, thought to be phenocopies, were negative for all markers, similar to the control subjects ([@DMM022590C11]). In this study, we genotyped six of the seven sequence variants and observed a similar 'all or none' distribution in affected versus unaffected family members. This inability to rule out any of the seven genomic variants has complicated efforts to understand XDP pathogenesis. That these sequence variants cluster around *TAF1* and the intergenic MTS has focused most hypothesized disease models on their respective gene products, but crucial questions remain unanswered. With respect to the MTS, it is noteworthy that it contains the only XDP sequence variant, DSC3, which alters a potential coding exon ([@DMM022590C52]; [@DMM022590C27]). Furthermore, ectopic expression of wild-type or mutated (DSC3) MTS cDNAs in control cell lines resulted in different transcriptional profiles, suggesting that the DSC3 substitution could have functional effects ([@DMM022590C28]). However, very little is known about the normal distribution of endogenous MTS transcripts, the type(s) of protein(s) that might be generated from these mRNAs, and what role, if any, they might play within neural structures thought to be affected in XDP.

TAF1, by contrast, has been extensively characterized as part of the general transcriptional machinery. The human gene was cloned in the effort to define co-activators that associate with the TATA-binding protein (TBP) within the general TFIID complex ([@DMM022590C55]). It proved identical to a previously discovered cell cycle-related gene, *CCG1*, in which a temperature-sensitive point mutation prevents G1-S progression in the hamster cell line, tsBN462 ([@DMM022590C60], [@DMM022590C61]). TFIID is involved in transcription initiation by RNA polymerase II ([@DMM022590C21]; [@DMM022590C34]). It is a multi-subunit complex composed of TBP and at least 13 TAFs that collectively bind the TATA element upstream of the transcription start site in many gene promoters ([@DMM022590C54]; [@DMM022590C65]). The major isoform of TAF1 is a large, 250 kDa protein containing an N-terminal domain that binds TBP in competition with other TFIID components ([@DMM022590C5]). TAF1 seems to be a negative regulator of TBP, inhibiting its DNA-binding activity and removing TFIID from the TATA element, which might be crucial in determining the balance between transcription initiation and termination ([@DMM022590C65]). Structural analyses further suggest that TAF1 might have intrinsic DNA-binding activity itself. The conserved central core of TAF1 contains a winged helix (WH) domain that directly binds DNA and might mediate the effects of TAF1 on expression of various cell cycle genes ([@DMM022590C70]). Thus, it is possible that TAF1 might act as a gene-specific transcription factor independent of its major role in modulating TBP within TFIID.

The SVA insertion within intron 32 of *TAF1* is an intriguing candidate as the XDP genetic lesion, given the growing recognition of how mobile DNA elements might cause human disease. SVAs represent one of the many types of retrotransposon insertions, including LINEs (L1s), Alus, SINEs and human endogenous retrovirus (HERV) sequences, that comprise over 40% of the human genome ([@DMM022590C24]). Although evolutionarily millions of years old, these elements retain some potential to insert at new sites and cause disease. There are 2676 SVA elements comprising 0.13% of the human genome, with a new insertion in one out of every 916 births ([@DMM022590C57]; [@DMM022590C8]; [@DMM022590C23]). SVA retrotransposition depends on endonuclease and reverse transcriptase activities derived from L1 elements, a process known as target site-primed reverse transcription. SVA inserts vary from 700 bp to 4 kb, with structures typically consisting of: (1) a 5′ to 3′ hexameric CCCTC repeat; (2) two anti-sense Alus; (3) a variable number of tandem GC-rich repeats; (4) shared sequence identity with the *env* gene and the right long terminal repeat of HERV-K10; and (4) a polyA signal sequence. The repetitive nature of these sequences throughout the genome renders them difficult to distinguish individually. There are over 12 human diseases, including cancer, known to be caused by SVA insertions, most of which are inserted in the sense orientation. Documented effects of such insertions include: (1) deletions of endogenous gene sequences, as in *NF1* ([@DMM022590C68]) and the promoter of *FUS* ([@DMM022590C57]); (2) insertions associated with cancer ([@DMM022590C63]); (3) altered splicing, including exon skipping (*SPTA1*, *BTK*); (4) exonization of SVA into transcripts, which then become out-of-frame and dysfunctional (*FKTN*, *ARH*, *LDLRAP1*, *PNPLA2*, *PMS2*; [@DMM022590C38]; [@DMM022590C25]); and (5) transcription of SVA sequences driven by internal retrotransposon elements ([@DMM022590C23]).

Our transcriptional profiling detected significant differences in the expression of multiple *TAF1* transcript fragments in XDP versus control fibroblasts, whereas only N-TAF1 seemed to be differentially expressed in the iPSC-derived NSCs. A previous study similarly assayed levels of different *TAF1* transcripts in lymphocytes from a single XDP individual versus 60 control subjects ([@DMM022590C9]) but detected no significant changes in expression, which might reflect the limitations of analyzing a single proband and/or patterns specific to lymphocytes. Tissue-specific alternative splicing of *TAF1* has been previously reported, which might, in some cells, be regulated at least in part by ataxia-telangiectasia-mutated (ATM) and ATM-RAD3-related (ATR) pathways ([@DMM022590C35]; [@DMM022590C47]). However, the signals governing neural-specific expression of N-TAF1 are not known. The decreased expression of N-TAF1 detected here seems consistent with the decrease reported in XDP caudate ([@DMM022590C46]), indicating that this phenotype in XDP brain tissue is reproduced in the iPSC-derived NSCs. The neural cells differentiated here generally resembled early stage progenitors capable of generating both neuronal and glial cell types, which might suggest that aberrant N-TAF1 expression occurs at early stages that precede the development of neurodegeneration in XDP individuals. In addition to a selective loss of striatal medium spiny neurons ([@DMM022590C18]), XDP brains also exhibit decreased numbers of proliferating cell nuclear antigen (PCNA)-positive neural progenitors within the subventricular zone, compared with control tissue ([@DMM022590C19]). Thus, the recent neuropathology data and the present findings both seem to suggest that XDP-related functional defects might develop not only in mature neurons but also in neural precursor cells.

A curious feature of N-TAF1 is that it differs from the major isoform of TAF1 by only two amino acids. That these residues fall within an intrinsically disordered region of the protein prevents any structural modeling that might reveal a functional significance for this insertion. The surrounding cluster of prolines could indicate a polyproline helix, which can be a recognition motif involved in diverse cellular functions, including transcription ([@DMM022590C1]). If this segment forms a local helical structure, then the insertion of alanine and lysine would alter the configuration by changing the spacing of the prolines. Such a rearrangement might affect interactions with other proteins at this site. Nevertheless, such possibilities remain speculative at this point and will require empirical testing.

If the pathogenic defect in XDP is in fact reduced expression of several TAF1 isoforms, it might seem surprising that the medical phenotype is exclusively neurologic, given the role of different TAF1 isoforms in fundamental aspects of transcription in all cells. Yet such a scenario would not be unique, as sequence variations in TBP, the canonical binding partner for TAF1 and arguably the most crucial component of the TFIID complex, are also associated with neurodegeneration. Expanded trinucleotide repeat sequences in TBP have been shown to cause spinocerebellar ataxia-17 (SCA17) and to phenocopy Huntington\'s disease ([@DMM022590C50]; [@DMM022590C16]; [@DMM022590C62]; [@DMM022590C30]). This observation reinforces the hypothesis that at least some perturbations within TFIID have consequences specific to the central nervous system (CNS). Moreover, XDP might not be the only link between TAF1 and neurologic disease. Recent sequencing efforts have linked different coding mutations in TAF1 to X-linked intellectual disability ([@DMM022590C31]6). Thus, it is possible that XDP could be part of a spectrum of TAF1-related disorders in which different mutations that affect the protein to different extents induce CNS disorders of varying degrees of severity.

It should be noted that the lack of MTS expression in the cells profiled here does not in itself exclude the potential importance of these exons and/or DSC3 to XDP. It is still possible that these transcripts might be expressed at later neurodevelopmental stages and/or in specific neuronal subtypes that are involved in the disease process. Further studies will therefore be required to probe the possible contributions of these transcripts as well as the specific cellular pathways that might be affected by them and/or by decreased N-TAF1 expression. In that regard, the development of XDP patient-specific iPSC lines that can be differentiated toward specific neuronal cell fates in culture might be powerful tools that enable such investigations.

MATERIALS AND METHODS {#s4}
=====================

XDP and control subjects {#s4a}
------------------------

Subjects recruited for this study included: (1) individuals with a confirmed diagnosis of XDP based on prior genetic testing; (2) individuals suspected of XDP based on clinical history and Filipino ancestry; and (3) unaffected family members. The study was approved by the institutional review board at Massachusetts General Hospital, and all participants gave written informed consent. Clinical evaluation included comprehensive neurological exams with recorded scores for standard scales: Burke--Fahn--Marsden, Tsui--Torticollis, Toronto Western Spasmodic Torticollis Rating and Voice Disability Index ([@DMM022590C4]).

XDP and control fibroblasts {#s4b}
---------------------------

For fibroblast derivation, skin biopsies were performed by standard procedures ([@DMM022590C74]). Tissue explants were transferred to culture dishes containing fibroblast growth medium \[Dulbecco\'s Modified Eagle Medium (DMEM) with 20% fetal bovine serum (FBS) and 1% penicillin/streptomycin\] and placed under sterile coverslips to promote cell attachment. Cultures were maintained in a humidified incubator at 37°C and 5% CO~2~ with medium exchanges every 3-4 days as fibroblasts migrated from the explant. Cultures were expanded by trypsinization, collecting cells by centrifugation, and resuspending in growth medium. All tissue culture media and supplements were obtained from Life Technologies (Grand Island, NY, USA) except where otherwise noted. All cell lines were confirmed to be free of contamination, including mycoplasma, prior to experimental use.

Genotyping {#s4c}
----------

Genomic DNA (gDNA) was isolated from cells using DNeasy Blood and Tissue kit (Qiagen, Valencia, CA, USA), as recommended. Genotyping was performed by PCR amplification of regions bearing six previously reported haplotype markers: five disease-specific single nucleotide changes (DSC1, -2,-3,-10,-12; [@DMM022590C52]) and the SVA in intron 32 of *TAF1* ([@DMM022590C46]). Primers used for PCR amplification of DSCs ([Table S1](Table S1)) included previously published sequences ([@DMM022590C52]), as well as novel primers generated using NCBI Primer-BLAST software. PCR amplicons were resolved by gel electrophoresis, purified using QIAquick Gel Extraction kit (Qiagen), and sequenced to determine the presence or absence of XDP-specific nucleotide substitutions. To detect the SVA, long-range PCR was performed using previously described primers ([@DMM022590C36]) and Takara\'s PrimeSTAR GXL DNA polymerase (Clontech, Mountain View, CA, USA) with modified amplification conditions ([Table S1](Table S1)). PCR amplicons were resolved by gel electrophoresis to identify either a 3229 bp product (XDP; containing the ∼2.6 kb SVA) or a 599 bp product (control; no SVA).

iPSC reprogramming and confirmation of pluripotency {#s4d}
---------------------------------------------------

To generate iPSCs, XDP and control fibroblasts were seeded into six-well plates at an approximate density of 1×10^5^ cells/well in fibroblast growth medium. Reprogramming was performed using the Cytotune-iPS Reprogramming kit (Life Technologies) consisting of non-integrating Sendai viruses encoding the classical Yamanaka factors, Oct3/4, Sox2, Klf4 and c-Myc ([@DMM022590C64]). When fibroblasts reached ∼80% confluence, they were transduced with four viruses at approximate multiplicity of infection (MOI) of 3. Cells were maintained for one week with medium exchanges every other day before collecting and re-seeding into gelatin-coated dishes containing feeder layers of irradiated CF1 mouse embryonic fibroblasts (MEFs; GlobalStem, Gaithersburg, MD, USA). Transduced cells on feeder layers were then switched to human embryonic stem cell (hESC) medium consisting of DMEM:F12 supplemented with 7 μl/l 2-mercaptoethanol (2-ME; Sigma, St Louis, MO, USA), 20% Knockout Serum Replacement (KOSR), 2× L-Glutamine, 1× Minimum Eagle\'s Medium-Non-Essential Amino Acids (MEM-NEAA) and 10 ng/ml basic fibroblast growth factor (bFGF). Colonies were initially picked manually for transfer to fresh feeder layers. Subsequent expansion was achieved by digestion in collagenase IV, followed by scraping and centrifugation to collect cells. Pellets were triturated gently in fresh hESC medium to generate medium-small clumps that were seeded onto fresh feeder layers.

To confirm reprogramming and assess pluripotency, RNA was isolated from colonies using RNeasy reagents and spin columns (Qiagen) with on-column DNase digestion and then reverse transcribed using High Capacity cDNA Reverse Transcription kit (Life Technologies), all as recommended. Expression of endogenous *Dnmt3B*, *hTERT*, *Nanog*, *Rex1*, *Oct4* and *Sox2* genes, as well as housekeeping gene *ACTB*, was quantified by qRT-PCR in each iPSC clone as well as the corresponding parent fibroblast line. To generate differentiated EBs bearing cells of all three germ layers, colonies were collected from Matrigel-coated plates and seeded onto ultra-low attachment plates (Corning, Tewksbury, MA, USA) in hESC medium without bFGF and maintained for 1 week. Suspension culture EBs were then re-plated on 0.1% gelatin-coated plates in DMEM/10% FBS/1% penicillin/streptomycin and maintained for an additional week of adherent culture at which point RNA was isolated and reverse transcribed. The resulting cDNA samples, along with cDNA prepared from the undifferentiated, parent iPSC clones, were used for quantitative analysis of pluripotency using the TaqMan hPSC Scorecard Assay as recommended (Thermo Fisher Scientific). The assay panel consisted of 94 marker genes to evaluate trilineage potential. Quantitative analysis of gene expression data was performed using hPSC Scorecard analysis software (Thermo Fisher Scientific). All gene expression data were visualized as heatmaps generated using R software ([www.R-project.org](www.R-project.org)).

To further confirm pluripotency *in vivo*, ∼1×10^6^ cells of selected clones were resuspended in a mixture of phosphate-buffered saline (PBS) and Matrigel, then implanted transcutaneously at multiple sites in Fox Chase SCID mice (Charles River, Wilmington, MA, USA). Mice were euthanized after 6-8 weeks by CO~2~ inhalation. Tumors were collected, embedded in paraffin, sectioned, and stained with H&E to identify cellular morphologies characteristic of all three germ layers. Cell lines were confirmed to be karyotypically normal by Cell Line Genetics, Inc. (Madison, WI, USA). All animal experiments were performed according to procedures approved by the Institutional Animal Care and Use Committee (IACUC) of Harvard University.

For routine propagation of XDP and control iPSC lines, cells were adapted for growth under feeder-free conditions on Geltrex-coated tissue culture plates in mTESR-1 medium (Stemcell Technologies, Vancouver, BC, Canada). Passaging of colonies on Geltrex was performed by initial digestion in Accutase, followed by scraping, as described above. Cell lines were routinely tested for contamination, including mycoplasma, and confirmed to be negative.

Neural differentiation {#s4e}
----------------------

XDP and control iPSC colonies on Geltrex were dissociated in Accutase to single cells that were then seeded into fresh coated plates at an approximate density of 2-3×10^5^ cells/well in mTESR-1 medium containing 10 μM ROCK inhibitor, Y-27632. Medium was changed the next day to remove ROCK inhibitor. When cells reached ∼25% confluence, they were placed in PSC Neural Induction Medium for seven days with medium exchanges every other day. On day eight, cells were detached using Accutase, collected by centrifugation, and seeded onto fresh coated plates in neural expansion medium consisting of Neurobasal Medium: DMEM/F12 (1:1) supplemented with 2% PSC Neural Induction Supplement and 5 μM Y-27632. After 24 h, medium was exchanged again to remove ROCK inhibitor. The resulting NSCs were maintained on Geltrex-coated plates in neural expansion medium for up to 4 or 5 passages in culture. NSCs were confirmed to be immune-positive for neural markers, nestin, musashi and Sox1, but negative for pluripotent marker, Oct3/4, by antibody staining. For a quantitative assessment of neural conversion, RNA from differentiated NSCs and the parent iPSC clones was reverse transcribed and subjected to qPCR using a panel of primers interrogating 22 marker genes for neural stem cells (Qiagen).

The human neuroblastoma cell line, SH-SY5Y (ATCC; Manassas, VA USA), was also used as a control to confirm neural specificity of N-TAF1. SH-SY5Y cells were cultured in DMEM containing 10% FBS and 1× penicillin/streptomycin and passaged using trypsin. Differentiation was induced by addition of 10 μM ATRA (Sigma) to the culture medium for 72 h. Differentiation was confirmed based on characteristic changes in morphology, consisting of long branched neurites.

Immunofluorescence {#s4f}
------------------

Immunostaining was performed to confirm expression of pluripotent marker proteins in iPSC lines and neural marker proteins in NSCs. Primary antibodies and dilutions used in this study consisted of the following: rabbit anti-Oct3/4 (Abcam, ab19857; 1:100), rabbit anti-NANOG (Abcam ab21624; 1:50), Rat anti-SSEA-3 (Millipore, MAB4303; 1:200), mouse anti-SSEA-4 (Millipore, MAB4304; 1:200), mouse anti-Tra-1-60 (EMD Millipore MAB4360; 1:200), mouse anti-nestin (Abcam, ab21628; 1:200), rabbit anti-musashi (Abcam, ab21628; 1:100) and Sox1 (Abcam, ab87775; 1:250). Staining was detected using the following additional reagents (all from Life Technologies): goat anti-rabbit Alexa Fluor 488 (A-11008) and Alexa Fluor 594 (A-11012), goat anti-rat Alexa Fluor 594 (A-11007), goat anti-mouse Alexa Fluor 488 (A-11001) and Alexa Fluor 594 (A-11032), all at a final dilution of 1:1000. In some experiments, wheat germ agglutinin-Alexa Fluor 488 (W11261; 1:200) and Topro-3-iodide (T3605; 1:200) were included as counterstains to visualize plasma membranes and nuclei, respectively. For immunostaining, cells seeded into chamber slides were fixed in 4% paraformaldehyde for 20 min at room temperature, washed 3× in phosphate buffered saline (PBS), permeabilized in 0.1% Nonidet P-40 for 20 min, rinsed 3× again in PBS, and then blocked in normal goat serum (10% in PBS) for 1 h. Cells were incubated in primary antibodies at the specified dilution overnight at 4°C. The next day, slides were washed 3× in PBS, incubated in secondary antibodies for 45 min, and then counterstained (where indicated) for 15 min.

RT-PCR for *TAF1* and MTS transcripts {#s4g}
-------------------------------------

To quantify expression of transcripts derived from exons 1-38 of *TAF1*, as well as the unconventional exons of the MTS ([@DMM022590C52]), RT-PCR was performed using a panel of previously described primers ([@DMM022590C46]). RNA was extracted from XDP and control fibroblasts and iPSC-derived NSCs using Qiazol (Qiagen), then mixed with 1/5th volume of chloroform with brief centrifugation to allow phase separation. The aqueous phase was further processed using miRNeasy spin columns (Qiagen) with on-column DNase digestion, as recommended. The resulting RNA samples were quantified by Nanodrop, and equivalent amounts were reverse transcribed using RT^2^ First Strand kit (Qiagen), which includes an additional DNase digestion to remove any residual contaminating gDNA. PCR was carried out with 87.6 ng cDNA in 20 µl reactions using TaqMan Gene Expression Master Mix (Life Technologies) on a StepOne Plus Real-Time PCR system (Life Technologies). Amplification conditions consisted of holding stage of 50°C for 2 min and 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Data were analyzed with RT² Profiler PCR Array Data Analysis software v3.5 (Qiagen) using the ΔΔCt method and normalized to housekeeping genes. Multiple candidate housekeeping genes were initially screened to identify transcripts displaying stable expression across all cell lines at levels roughly equivalent to the *TAF1*-related transcripts. Of the housekeeping genes tested, *HPRT*, *TFRC* and *GAPDH* gave the most consistent levels and were thus used for normalization. Within each experiment, Ct values for each target were normalized to the geometric mean of the housekeeping genes. For statistical analysis, RT² Profiler software calculated *P* values based on Student\'s *t*-tests of replicate 2^−ΔCt^ values for each target transcript in XDP versus control cells. Raw Ct values for all gene expression data are listed in [Tables S2-S5](Tables S2-S5).

For additional validation of the specificity of primers targeting the brain-enriched isoform, N-TAF1 ([@DMM022590C46]), RT-PCR was also performed on RNA extracted from (1) human SH-SY5Y neuroblastoma cells, with and without ATRA-mediated differentiation; and (2) human brain (Biochain; Newark, CA, USA).

To probe for potential exonization of the SVA, cDNA samples from XDP cells were amplified with two sets of primers flanking the SVA insertion site ([Table 1](#DMM022590TB1){ref-type="table"}) in all four combinations. Because incorporation of aberrant SVA sequences into *TAF1*-derived transcripts could potentially target RNAs for NMD, cells were cultured for 6 h in growth medium containing 50 μM of a specific NMD inhibitor, ethyl 2-{\[(6,7-dimethyl-3-oxo-1,2,3,4-tetrahydro-2-quinoxalinyl)acetyl\]amino}-4,5-dimethyl-3-thiophenecar-boxylate (NMDI14; [@DMM022590C48]), prior to RNA isolation. PCR products were evaluated based on melting temperature profiles, apparent size in gel electrophoresis, and Sanger sequencing.

Additional qRT-PCR was performed to amplify three genes also contained with the XDP chromosomal region (*CXCR3*, *ARC*, *OGT*) using commercially available Taqman primers (Life Technologies).
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